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We present single-shot space- and time-resolved phase and amplitude measurements of ultrashort pulse spatio-temporal 
optical vortices (STOVs) using a new diagnostic, transient grating single-shot supercontinuum spectral interferometry 
(TG-SSSI). Our measurements and simulations demonstrate STOV mediation of space-time energy flow within the pulse.  
 
Optical vortices are electromagnetic structures characterized by a rotational flow of energy density around a phase 
singularity, comprised of a null in the field amplitude and a discontinuity in azimuthal phase. In the most common type of optical 
vortex in a laser beam, the azimuthal phase circulation resides in spatial dimensions transverse to the propagation direction. An 
example is the well-known orbital angular momentum (OAM) modes [1], typified by Bessel-Gauss (𝐁𝐁𝐁𝐁𝒍𝒍) or Laguerre-Gaussian 
(𝐋𝐋𝐁𝐁𝒑𝒑𝒍𝒍) modes with nonzero azimuthal index l. OAM beams have been used in optical trapping [2], super-resolution microscopy 
[3], with proposed applications such as turbulence-resilient free space communications [4] and quantum key distribution [5]. 
Optical vortex formation is ubiquitously observed in the speckle pattern of randomly scattered coherent light [6]. We note that 
all of these OAM vortices can be supported by monochromatic beams and hence are fundamentally CW phenomena. We note 
that there has been prior theoretical work on polychromatic vortices that can exist in space-time [7]. 
Recently [8], we reported on the experimental discovery and analysis of the spatio-temporal optical vortex (STOV), whose 
phase winding resides in the spatio-temporal domain. Toroidal STOVs were found to be an electromagnetic structure that 
naturally emerges from arrested self-focusing collapse of intense femtosecond pulses, which occurs in femtosecond filamentation 
in air [9] or relativistic self-guiding in laser wakefield accelerators [10].  As this vortex is supported on the envelope of a short 
pulse, its description is necessarily polychromatic. For femtosecond filamentation in air, a pulse with no initial vorticity collapses 
and generates plasma at beam centre. The ultrafast onset of plasma provides sufficient transient phase shear to spawn two toroidal 
spatio-temporal vortex rings of charge 𝑙𝑙 = −1 and 𝑙𝑙 = −1 that wrap around the pulse. In air, the delayed rotational response of 
N2 and O2 [11] provides additional transient phase shear, generating additional 𝑙𝑙 = ±1  ring STOVs on the trailing edge of the 
pulse [8].  
The requirement of transient phase shear for such nonlinearly generated STOVs suggested that phase shifts linearly applied 
in the spectral domain could also lead to STOVs, and use of a zero dispersion (4𝑓𝑓) pulse shaper and phase masks have been 
proposed [12] and demonstrated [13] for this purpose.  In this paper, we use such a 4𝑓𝑓 pulse shaper to impose STOVs on Gaussian 
pulses and record single-shot in-flight phase and amplitude images of these structures. The structures generated are “line-STOVs” 
as described in [8]; the phase circulates around a straight axis normal to the spatio-temporal plane.  An electric field component 
of an 𝑙𝑙𝑡𝑡ℎ order line-STOV–carrying pulse propagating along +𝑧𝑧 can be described as 
 
𝐸𝐸(𝐫𝐫⊥, 𝑧𝑧, 𝜏𝜏) = (𝜏𝜏 𝜏𝜏𝑠𝑠⁄ ± 𝑖𝑖 𝑥𝑥 𝑥𝑥𝑠𝑠⁄ )𝑙𝑙𝐸𝐸0(𝐫𝐫⊥, 𝑧𝑧, 𝜏𝜏)                                            ∝ 𝑒𝑒±𝑖𝑖𝑙𝑙Φ𝑠𝑠−𝑡𝑡𝐸𝐸0(𝐫𝐫⊥, 𝑧𝑧, 𝜏𝜏),                          (1)    
 
 
Fig. 1. Top: Setup for transient grating single-shot spectral interferometry (TG-SSSI).  The STOV-carrying pump pulse at the output of a 4𝑓𝑓 pulse shaper is 
focused (~1.5 µJ) or imaged (~20 µJ) into a 500 µm thick fused silica witness plate.  The pump pulse energy is kept sufficiently low so that the STOV pulse 
propagates linearly in the plate.  A probe pulse ℇ𝑖𝑖 crosses the STOV pulse direction at angle  𝜃𝜃 = 6°, forming a transient grating with modulations ∝cos (𝑘𝑘𝑥𝑥 sin  𝜃𝜃 + ΔΦ(𝑥𝑥, 𝜏𝜏)), where  the symbols are defined in the main text and reference coordinates are shown next to the witness plate.  The transient 
grating is probed by SSSI [14], which uses ~1.5 ps long chirped supercontinuum reference and probe pulses 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐸𝐸𝑝𝑝𝑟𝑟. The result is single-shot time and 
space resolved images of amplitude and phase of STOV-carrying pulses. Bottom: Cylindrical lens-based 4𝑓𝑓 pulse shaper [12, 13] for imposing a line-STOV 
on a 50 fs, λ=800nm input pulse.  A phase mask is inserted in the Fourier plane at the common focus of the cylindrical lenses. For the current experiment, we 
use spiral phase masks (𝑙𝑙 = 1, 𝑙𝑙 = −1,  and 𝑙𝑙 = 8)  and a π−step mask, all etched on fused silica. 
here  𝐫𝐫⊥ = (𝑥𝑥,𝑦𝑦), 𝜏𝜏 = 𝑡𝑡 − 𝑧𝑧/𝑣𝑣𝑔𝑔 is a time coordinate local to the pulse,  𝑣𝑣𝑔𝑔 is the group velocity,  𝜏𝜏𝑠𝑠 and 𝑥𝑥𝑠𝑠 are temporal and 
spatial scale widths of the STOV, Φ𝑠𝑠−𝑡𝑡 is the space-time phase circulation in 𝑥𝑥 − 𝜏𝜏  space, and 𝐸𝐸0 is the STOV-free pulse input 
to the pulse shaper.  
In order to confirm the presence of an ultrafast STOV -carrying pulse, both the phase and the amplitude of the electric field 
envelope must be measured. In prior work, we have used single shot supercontinuum spectral interferometry (SSSI) [14,15] to 
measure the space- and time- resolved envelope (but not phase) of ultrafast laser pulses from the near-UV to the long wave 
infrared [16, 17]. Using SSSI, the transient amplitude of the ultrafast pulse to be studied (here called the “pump”) is measured by 
pump-induced cross phase modulation of a chirped supercontinuum (SC) probe pulse in an instantaneous Kerr witness plate such 
as a thin fused silica window. The resulting spatio-spectral phase shift ∆𝜑𝜑(𝑥𝑥,𝜔𝜔) on the probe is extracted from interfering   
𝐸𝐸𝑝𝑝𝑟𝑟
𝑜𝑜𝑜𝑜𝑡𝑡~𝜒𝜒(3)𝐸𝐸𝑆𝑆𝐸𝐸𝑆𝑆∗𝐸𝐸𝑝𝑝𝑟𝑟𝑖𝑖𝑖𝑖   with a reference SC pulse 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟  in an imaging spectrometer, where  𝐸𝐸𝑆𝑆 and 𝐸𝐸𝑝𝑝𝑟𝑟 are the pump and probe fields, 
and where 𝑥𝑥 is position within a 1D transverse spatial slice through the pump pulse. This determines [15] the spatio-temporal 
phase shift ∆𝜙𝜙(𝑥𝑥, 𝜏𝜏) ∝ 𝐼𝐼𝑆𝑆(𝑥𝑥, 𝜏𝜏), where 𝐼𝐼𝑆𝑆(𝑥𝑥, 𝜏𝜏) is the 1D space + time pump intensity envelope.  
Figure 1 depicts a cylindrical lens-based 4f pulse shaper (inset) and the setup for single-shot space- and time-resolved phase and 
amplitude measurements of STOVs, using a new diagnostic we call “transient grating - SSSI” (TG-SSSI).  The pulse shaper 
imposes a line-STOV on an input Gaussian pulse (50fs, 1.5-20µJ) using a 2𝜋𝜋𝑙𝑙 spiral transmissive phase plate (with 𝑙𝑙 = +1,−1,or 8) or a 𝜋𝜋-step plate at the shaper’s Fourier plane (common focus of the cylindrical lenses). The vertical and horizontal axes on 
the phase masks lie in the spatial and spectral domains.  Although the shaper acts as a Fourier transformer in 𝜔𝜔 − 𝜏𝜏, imposing a 
spatio-temporal phase immediately at its output at the exit grating, the transverse spatial effects appear as the spatial Fourier  
transform in the far-field of the shaper, where the desired STOV-carrying pulse emerges.  Here, we project to the far-field by 
focusing the shaper output with lens L1 into a 500µm fused silica witness plate, which samples the STOV-carrying pulse.  
 
Fig. 2. (a) Output of pulse shaper with no phase plate. The input pulse, with a weakly parabolic temporal phase, is recovered. (b, c) Intensity and phase of 
pulse in far-field of pulse shaper with 𝑙𝑙 = 1 and 𝑙𝑙 = −1 spiral phase plates.  White-outlined insets: pulse shaper near-field intensity images . The red arrows 
show the direction of phase circulation. Headings of each column are described in the text. 
 
In TG-SSSI, a weak auxiliary probe pulse ℇ𝑖𝑖 (same central wavelength of the pump pulse and spectrally filtered by a 2nm 
bandpass filter) is crossed with the pump 𝐸𝐸𝑆𝑆 at an angle 𝜃𝜃 = 6° in the witness plate. This generates a transient grating which gives 
𝐸𝐸𝑝𝑝𝑟𝑟
𝑜𝑜𝑜𝑜𝑡𝑡~𝜒𝜒(3)𝐸𝐸𝑆𝑆ℇ𝑖𝑖∗𝐸𝐸𝑝𝑝𝑟𝑟𝑖𝑖𝑖𝑖  , yielding  ∆𝜑𝜑(𝑥𝑥,𝜔𝜔) after interference with 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟   in the imaging spectrometer. Now, however,  ∆𝜙𝜙(𝑥𝑥, 𝜏𝜏) is 
encoded with the pump envelope (as in SSSI) modulated by the time-dependent spatial interference pattern (transient grating): 
∆𝜙𝜙(𝑥𝑥, 𝜏𝜏) ∝ 𝐼𝐼𝑆𝑆(𝑥𝑥, 𝜏𝜏)𝑓𝑓(𝑥𝑥, 𝜏𝜏), where 𝑘𝑘 is the pump wavenumber,  𝑓𝑓(𝑥𝑥, 𝜏𝜏) = cos(𝑘𝑘𝑥𝑥 𝑠𝑠𝑖𝑖𝑠𝑠  𝜃𝜃 + ΔΦ(𝑥𝑥, 𝜏𝜏)) is the transient grating, and 
ΔΦ(𝑥𝑥, 𝜏𝜏) is the spatiotemporal phase of 𝐸𝐸𝑆𝑆.  In the analysis of ∆𝜙𝜙(𝑥𝑥, 𝜏𝜏) images, 𝐼𝐼𝑆𝑆(𝑥𝑥, 𝜏𝜏) is extracted using a low pass image filter 
(suppressing the side band imposed by the transient grating)  and ΔΦ(𝑥𝑥, 𝜏𝜏) is extracted using standard interferogram analysis 
techniques [15]. While we can extract an amplitude and phase map from a single shot, averaging shots yields a better signal-to-
noise ratio. To do so, a constant phase is added to the Fourier transform of each frame to overlap the side bands. Once the fringes 
were aligned, the peak of the side band was windowed and shifted to zero in the frequency domain.  
In Fig. 2, row (a) shows the pulse with no phase plate in the pulse shaper. The temporal leading edge is at 𝜏𝜏 < 0. The left 
column shows ∆𝜙𝜙(𝑥𝑥, 𝜏𝜏). The fringes are removed with a low pass filter, yielding 𝐼𝐼𝑆𝑆(𝑥𝑥, 𝜏𝜏) in the next column, while in the third 
column, a high pass filter leaves the fringe image 𝑓𝑓(𝑥𝑥, 𝜏𝜏).  The far right column shows the extracted spatio-temporal phase 
ΔΦ(𝑥𝑥, 𝜏𝜏). It is seen that the pulse envelope 𝐼𝐼𝑆𝑆 closely agrees with the 50 fs pulse input to the shaper, and that ΔΦ(𝑥𝑥, 𝜏𝜏) is weakly 
parabolic in time (small chirp) and realtively flat in space .and time. The slight curvature of the fringes of 𝑓𝑓(𝑥𝑥, 𝜏𝜏) seen in Fig. 2 
is attributed to spectral phase mismatch between 𝐸𝐸𝑆𝑆 and ℇ𝑖𝑖. One form of line-STOV-carrying pulse can be generated with a spiral 
phase plate in the pulse shaper. For a 𝑙𝑙 = 1 plate, row (b) of Fig. 2 shows, as in (a), the various extractions from TG-SSSI. The 
presence of a spatio-temporal phase singularity is evident from the characteristic forked pattern in 𝑓𝑓(𝑥𝑥, 𝜏𝜏). The spatio-temporal 
envelope 𝐼𝐼𝑆𝑆(𝑥𝑥, 𝜏𝜏) and phase ΔΦ(𝑥𝑥, 𝜏𝜏) of the STOV are shown in the second and fourth columns, where the pulse appears as an 
edge-first flying donut with a 2𝜋𝜋 phase circulation around the phase singularity at the donut null. Using a 𝑙𝑙 = −1 plate (flipping 
the 𝑙𝑙 = 1 plate) generates a space-reflected (𝑥𝑥 → −𝑥𝑥) pulse with the opposite spatio-temporal phase circulation, as seen in row 
(c). The small insets in (b) and (c) show the corresponding near-field intensity envelopes from the shaper (obtained by imaging 
the shaper output at the witness plate), consisting of 2 lobes separated by a space-time diagonal. Owing to conservation of angular 
momentum, the associated spatio-temporal phase windings (not shown) are the same as in the far-field. We simulate the near and 
far-field of the pulse shaper by generating a pulse in the spatio-temporal domain, Fourier transforming to the spatio-spectral 
domain where the phase mask is applied along with any dispersion added to the pulse. Fourier transforming the field back to the 
spatio-temporal domain yields the output of the pulse shaper at the exit grating.  Taking the Fourier transform in the spatial 
dimension then provides the far-field of the pulse.  
Line-STOVs can also be generated with a 𝜋𝜋-step phase plate in the shaper’s Fourier plane, rotated to an angle 𝛼𝛼𝑠𝑠𝑡𝑡𝑟𝑟𝑝𝑝 with 
respect to the grating dispersion direction, so that the step lies along the spatio-spectral line  𝑑𝑑𝑥𝑥 𝑑𝑑𝑑𝑑 ≈⁄ ± 𝜋𝜋𝑐𝑐2𝜏𝜏2/𝑑𝑑02 , where 𝑑𝑑0 
and 𝜏𝜏 are the central wavelength and duration of the shaper input pulse. In practice, 𝛼𝛼𝑠𝑠𝑡𝑡𝑟𝑟𝑝𝑝is finely adjusted to get a line-STOV 
output as measured by TG-SSSI. As seen in Fig. 3, for 𝛼𝛼𝑠𝑠𝑡𝑡𝑟𝑟𝑝𝑝 = 25°, the near-field output of the shaper is a flying donut (row (a)) 
while the lens-focused, far-field envelope (row (b)) is two lobes separated by a space-time diagonal.  Going to  𝛼𝛼𝑠𝑠𝑡𝑡𝑟𝑟𝑝𝑝 = −25° 
(row (c)) gives a STOV-carrying pulse envelope that is the space reflection of (b).  In (b) it is seen that the vortex charge adds to +1 (consistent with (a)) and in (c) adds to −1.  Simulations of the far-field of the 𝜋𝜋-step shaper are shown in panels (d) (no 
dispersion) and (e) (with GDD = 100 fs2). The result of (d) is in agreement with the expression for 𝐸𝐸�(𝐫𝐫⊥, 𝑘𝑘𝑥𝑥, 𝜏𝜏) while (e) resembles 
the experimental result (b). The origin of this effect is that optimizing the SC pulse for TG-SSSI leaves the pump pulse with a 
very small chirp (parabolic phase in time, as seen in Fig. 2(a)). Adding this phase to the diagonal 𝜋𝜋-step phase of 3(d) gives 3(e). 
Comparing Figs. 2 and 3, we note that the 𝜋𝜋-step and 𝑙𝑙 = ±1 spiral phase shaper outputs appear to be complementary: the 
near-field of one these “quasi-modes” corresponds to the far-field of the other.  This is straightforward: Going from the Fourier 
plane in the shaper to the shaper output (near-field) and then to the far-field requires two transforms:  (𝑥𝑥,𝜔𝜔) → (𝑥𝑥, 𝜏𝜏) → (𝑘𝑘𝑥𝑥, 𝜏𝜏).  
If we start with Eq. (1) (for  𝑙𝑙 = ±1) , 𝑥𝑥 → 𝑘𝑘𝑥𝑥 yields  𝐸𝐸�(𝐫𝐫⊥, 𝑘𝑘𝑥𝑥, 𝜏𝜏) = (𝜏𝜏 𝜏𝜏𝑠𝑠⁄ ± 12 𝑘𝑘𝑥𝑥𝑥𝑥02/𝑥𝑥𝑠𝑠)𝐸𝐸�0(𝐫𝐫⊥, 𝑘𝑘𝑥𝑥, 𝜏𝜏) and then 𝜏𝜏 → 𝜔𝜔 yields 
𝐸𝐸�(𝐫𝐫⊥, 𝑘𝑘𝑥𝑥 ,𝜔𝜔) = 12 (𝑖𝑖𝜔𝜔 𝜏𝜏02 𝜏𝜏𝑠𝑠⁄ ± 𝑘𝑘𝑥𝑥𝑥𝑥02/𝑥𝑥𝑠𝑠)𝐸𝐸�0(𝐫𝐫⊥, 𝑘𝑘𝑥𝑥 ,𝜔𝜔), where we have assumed a pulse shaper input 𝐸𝐸0(𝐫𝐫⊥, 𝑧𝑧, 𝜏𝜏) =
𝐸𝐸(𝑦𝑦)𝑒𝑒−(𝑥𝑥 𝑥𝑥0)⁄ 2𝑒𝑒−(𝜏𝜏 𝜏𝜏0)⁄ 2 , with spatial and temporal widths 𝑥𝑥0 and 𝜏𝜏0.  However, we can swap 𝑘𝑘𝑥𝑥 ↔ 2𝑥𝑥/𝑥𝑥02 and 𝜔𝜔 ↔ 2𝜏𝜏/𝜏𝜏02  in 
any of these expressions to calculate the field at any location given either of the other two.  
Therefore, a flying donut STOV with a 𝑙𝑙 = ±1 spiral phase in (𝑥𝑥, 𝜏𝜏) in the far-field requires a 𝑙𝑙 = ±1 spiral phase plate in (𝑥𝑥,𝜔𝜔) in the shaper. A flying donut in (𝑥𝑥, 𝜏𝜏) in the near-field requires a 𝜋𝜋-step plate in (𝑥𝑥,𝜔𝜔) in the shaper, which yields spatio-
temporally offset lobes in the far-field separated by a 𝜋𝜋-step in phase.   As most experiments with STOVs will take place in the 
far-field of a pulse shaper, selecting between, for example, a flying donut or spatio-temporally offset lobes will depend on the 
far-field STOV profile desired for applications. Either way, the electromagnetic angular momentum is conserved in the spatio-
temporal / spatio-spectral domains.  
The transformation of one quasi-mode into the other can be viewed as STOV mediation of the energy flow within the pulse. 
In our prior work on STOVs [8], we showed that within a frame moving at the pulse group velocity, the local Poynting flux is S = (𝑐𝑐 8𝜋𝜋𝑘𝑘0⁄ )|𝐸𝐸𝑆𝑆|2(∇⊥Φ − 𝛽𝛽2(𝜕𝜕Φ 𝜕𝜕𝜕𝜕⁄ )ξ̂) , where  𝜕𝜕 = 𝑣𝑣𝑔𝑔𝜏𝜏,  ξ� is a unit vector along  𝜕𝜕, and 𝛽𝛽2 = 𝑐𝑐2𝑘𝑘0(𝜕𝜕2𝑘𝑘 𝜕𝜕𝜔𝜔2⁄ )0 is the 
normalized group velocity dispersion, where 𝛽𝛽2𝑎𝑎𝑖𝑖𝑟𝑟~10−5 and 𝛽𝛽2𝑔𝑔𝑙𝑙𝑎𝑎𝑠𝑠𝑠𝑠~2 × 10−2. Because the first term in 𝑆𝑆 is dominant for both 
air and glass, the weakly saddle-shaped energy flow [8] is mostly along ±𝑥𝑥, providing the necessary transformation from donut 
 
Fig. 3. (a) Flying donut near-field intensity and phase from π-step pulse 
shaper, obtained from imaging shaper output into witness plate. (b, c) 
Offset lobe far-field intensity and phase, obtained by focusing shaper 
output into witness plate for step orientations αstep = ±25° . (d) 
Simulation for αstep = +25° of far-field intensity and phase for (d) no 
dispersion, (e) GDD=100 fs2. The addition of parabolic temporal phase 
to the spatio-temporal phase step of (d) explains the phase pattern in (b,c). 
Headings of each column are described in the text. 
 
Fig. 4.   (a) Near-field intensity and phase of output of shaper with 𝑙𝑙 = 8 
spiral phase plate, obtained from imaging exit grating onto witness plate. 
The 𝑙𝑙 = 8 vortex quickly breaks up into eight 𝜋𝜋-step phase jumps (only 6 
visible owing to underfilling of image by SC pulse) (b) Far-field intensity 
and phase obtained by focusing shaper output into witness plate. Here, 
eight 𝑙𝑙 = 1 STOVs are seen in the phase plot. (The SC reference pulse 
profile overfills the smaller spot). (c,d) Simulation of near-field and far-
field intensity and phase. Headings of each column are described in the 
text. 
to spatio-temporally offset lobes or back again. This is a remarkable effect: we note that in a STOV-free beam, the term ∇⊥Φ acts 
on a local spatial phase curvature to direct energy (diffract) to both sides of the beam propagation direction (here ±𝑥𝑥 and  ±𝑦𝑦).  
However, in a  𝑙𝑙 = 1 linear STOV whose axis is along 𝑦𝑦 (see Fig 2(b)) , ∇⊥Φ points along (– 𝑥𝑥)  in front of the pulse and to (+𝑥𝑥) 
in the back, directing energy density to one side in front of the pulse and the opposite side in the back. 
To explore higher order STOVs, we use a 𝑙𝑙 = 8   (16𝜋𝜋) spiral phase plate in the pulse shaper. Figure 4(a) shows the near-
field intensity envelope and phase and (b) shows the far field, where the pulse has formed eight 𝑙𝑙 = +1 STOVs as seen in the 
phase plot.  In the near field as shown in (a), six  𝜋𝜋-step phase jumps appear, corresponding to nulls in the intensity envelope 
(rather than 8 ,  because the SC probe pulse underfilled the image of the exit grating in the witness plate). The far-field distribution 
of the eight 𝑙𝑙 = 1 STOVs is due to a spatio-spectral mismatch with the spatial profile of the 𝑙𝑙 = 8 spiral phase plate. Simulations 
including glass dispersion are shown in Fig. 4(c) and (d) for the near and far fields, reproducing the main features of the 
measurements, including the splitting into eight 𝑙𝑙 = 1 vortices.  
In conclusion, we have generated STOV-carrying optical pulses using a 4𝑓𝑓 pulse shaper and introduced a new method, 
transient grating single-shot supercontinuum spectral interferometry (TG-SSSI) for measuring their space- and time-resolved 
amplitude and phase in a single shot. These measurements clearly demonstrate that intra-pulse energy flow is mediated by STOVs. 
We expect that TG-SSSI will an important tool in experiments sensitive to shot-to-shot fluctuations, such as nonlinear propagation 
of STOVs or propagation of STOVs through turbulence. 
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